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/Post-Reionization

Hl is found largely in galaxies

6Tb (mK)

What can “21-cm Cosmology” tell us?

The tomography of Hl emission/absorption is a treasure trove of
information for (astro)physics, cosmology & fundamental physics.
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HI has a filling factor of order unity
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What can “21-cm Cosmology” tell us?

The brightness of the 21-cm signal (in Kelvin; Rayleigh-Jeans regime)
that can be measured with radio telescopes is given by:
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The 21-cm signal is set by a complex interplay between
cosmology and (g)astrophysics.



What can “21-cm Cosmology” tell us?

Global Signal (left) and Intensity Fluctuations (right)
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What can “21-cm Cosmology” tell us?

Between z~200* and z~6**, neutral hydrogen is a key tracer of fundamental physical
processes (early stages) and unique astrophysical processes (later stages)
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What can “21-cm Cosmology” tell us?
Numerical Models

Many “ingredients” in the 21-signal models are effective descriptions of the
underlying complex physical processes (sub-grid physics) that we hope to
connect to these processes on smaller (galaxy/stellar) scales.
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What can “21-cm Cosmology” tell us?

Discovery Time-Scales

. . 2030-2050
DM/DE/particle physics A

Physics of Gravity & GR

Primordial black holes Instruments
Inflation

Appearance of first stars (Poplll?)/BHs

_ Ly-a/UV radiation field
Cosmic Dawn Impact of Baryonic Bulk Flows SKAHERALOFAR2 O/NenuFar

_ _ LEDA/JWST/ SPICA/ALMA...
First X-ray heating sources

Reionization by stars & mini-quasars 2020+
o L IGM feedback (e.g. metals) :
E g Re|0n|zat|on Poplll - Popll transition G%\?RFTA,FESI\AT\,NAAL’;QP\ELRT’, :
: Galaxy formation/ Emergence of %
the visible universe ! :
_ BAO - DE EoS/Gravit
2 || Post Y

: : : Intensity Mapping - DE EoS/Gravity
v Relonizatlon  Galaxy Counts - Mass function ++




groningen

univers itY Of faculty of mathematics kapteyn astronomical
/ and natural sciences / institute

CoDEX Program:

A broad-brush overview of our
21-cm Cosmology programs
with LOFARL, AARTFAAC,
NenuFAR? and from space

1 See talks by Kariuki Chege & Stefanie Brackenhoff
2 See the talk by Satyapan Munshi
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CoDEX — ERC-Advanced Program

1 Gyr 300 Myr 100 Myr 20 Myr
30, , e 16¢
0 ‘.'A' F
30 : 12
_ _60 :).'
X
€ 901" . 8c?
= <
.-o A
-120] ik
4
-150; 1 ¢
§
-180/
5.00 6.28 802 1047 14.07 " 068 29.11 46.84 86 5
Z
Reionization X-ray heating Lyo coupling Dark Ages ;
= b :
E - [
|53" -100 | :
-150 -]
L | | 1 | | | | =
103 6.3 8 10.5 14.1 §
€ o LOFAR-HBA
E k=0.5 Mpc-!
- 10 “ll"“......'........ll
p U
1 k:o
E o /7 1 Mpe-, g
0.01 ] |
5 6.3 8 10.5 14.1 19.7 29.1 46.8 86.5



CoDEX — ERC-Advanced Program
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The Low Freguency Array
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13 International stations
14 (NL) remote stations
24x2 core stations

30 — 80 MHZ (LBA)

110 — 240 MHz (HBA)
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Super-terp: &
Densely packed “elevated” area of 6 (12) core stations (comprising AARTFAAC modq)
These are‘the baselines we use to Iookjor the 21-cm signal from the EoR :




The Observational Windows
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Image: AARTFAAC-LBA 70-73 MHz data (credit: Gehlot, Mertens)
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Primary EoR Window: North Celestial Pole

A complex field made of compact & extended (extra-galactic) sources and
diffuse emission from the Galaxy (in Stokes |, Q, U, but hardly any Stokes V)
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Peta-Byte/Flop Data Storage/Processing

Data processing of ~5+ petabytes of data in hand requires dedicated peta-flops
processing capacity: “Dawn” & “CoDEX" GPU clusters
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CoDEX HPC — Main Specs
 CPU (AMD Milan) - 3040 CPU cores — 350 TFLOPS
 GPU (A100 PCle 40GB, Nvidia) — 1.2 PFLOPS
* 4608 TByte HDD data storage
e 200 GbE network

e ~16 TB SSD (separate disk for boot/OS)

e Connection to Dawn 40Gb
* Connection to Surf 100Gb (proposed)
_* 29 production nodes (256GB, 2 x A100 40GB, 2 x 48 |
core CPU) |
» One High memory Innovation node (1TB, 2 x A100 &
. 80GB, 2 x 64 core CPUs) i
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Part of “CoDEX”
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Improvements in DI calibration
* Separate Band-pass calibration
Enforce smooth gain solutions

Improvements in RFI flagging
Post calibration flagging
Baseline flagging affected

Improvements in DD calibration
* Enforce smooth gain solutions

« Simpler (better?) Cygnus A model

The Data Analysis Pipeline

All data processing codes have been developed in house and open source
(many now in use by global community, e.g. AOFlagger, WSClean, etc) .

Processing

pipeline

by local source of RFI

Discard outer clusters

New ML-GPR

Covariance from simulations
« Covariance depend on baseline
Improved PS uncertainities

Pre Processing (DPPP) E
RFI flagging (AOFlagger)
kAveragmg to 2s, 61 kHz )

v

DI calibration (high reg) R

(app. flux &gt; 35 mdy), 2
Sol. interval: 30s, 1 SB, Bpol

\Baselines > 50 A, <5000 A

DI calibration (bandpass)

.

(app. flux &gt; 35 mJy), 2
Sol. interval: 7200 s, 1 SB

kBaselines > 50 A, <5000 A
( Averaging w

kAveraging to 10s, 61 kHz

!

(DD calibration (SagecaI-CO)\

¥,

Sky model: 28773 components,
122 clusters

Sol. interval: 2.5-20 min,
1SB, Bpol

Sky model: 1416 components [

Observations

Freq. range: 134.1 - 147.1 MHz
Resolution: 2s, 3.1 kHz

Sky model: 1416 components g

é NCP sky model )

28755 point sources
18 shapelet components
Includes also Cygnus A and
\_ Cassiopeia A Y,

~
Post Calibration Flagging R

Ateam visibility flagging
AOflagger on full dataset

Baselines > 250 A, <5000 A

- P,

kDeIay space flagging )

( Power spectra

.

bnverse variance weighted

T

F?esidual foregrounds removal

LGaussian Process Regression J

T

Nights averaging

Inverse variance weighted

|

Conversion to Kelvin

N

Spatial tapering using a
4 degrees Tukey window.

Flagging: flag outliers in UV and
Grequency space. )

|

Imaging (WSClean)

1 image per SB

»| Baselines: 50 - 250 A

Pixel size: 30 arcsec

@lze: 512 x 512 pix )
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NCP field, 140 hours, 134-146 MHz, z ~ 9.1
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Zoom-in

[Stokes 1,50 — 1000/\]

03C249.1

; -.3c220.3
FCI731  3c1gan :

S3C390.3
3C

mjy/PSF T T T

87.5

87.5 R

Inner 4x4 where we
look for the signal

[Stokes I, DD residual, 50 — 1000)\]

£3€249.1 o3C30%

3€220.3

FC1731 scisan

53C390.3

3C61,1%0 S
. £3C435.1

mjy/PSF T T T

875 ¢

87.5 \

Oh
RA [hour]

Post Sky-Model
Subtraction

{ 5 . iy i | K
{Smkes 1,5075000,\]- P BT
- o TV g i ~
2 . % . . . @ “e -
. . e . . . W
: A . . - - p
-y - . . .
° . . -
e 3 R
. % | )
R 4. . Stokes | after D, 50-500 A\
b - » {. #s 5 !
> T e . ¢ e 8
« - - -
AN : 2 LERAEN : i e ; : : :
L2 ‘- - .’ e L ’ 4 3
P i » : s W N T o L TR L 1.7 e -
S e . : ? b . :
SR bLEL: : ! - : ..
H . " . . . . . ~ .
ELT e A W i S + - = HEe T
- SSh bR SR . e L™ 5= WH A e
3 SR i PR
- ® e E . e % { '
. i -
;- - * P S P o E ’ | ? N L
. - % il 8. " - ’ H : .\
. \ -4 . . . -
; NVSSJ011732%8d2848 == . %, - o " mE S, : : Ny
AL S M i e e % i o : B
‘ e . e ¥ il - . N
o : - o yl ‘a : N
‘.“ o * . v T W % . ,’. meds ol i \\
B - LN
3 > . ; y : : '
i . 3. 8 : : \
W s : « . v ’I‘ 3'\\ : X
¢ & <, & ! I : \
- - 3 f ? 3 ‘
> &5 4 2 e ) ‘i ..-‘\“' : ~ I\
. =5 b G S IR '
: ¢ .
- ] A . 4
s . M ¢ \ -
. : b vt \
e - - \ '
{Stokes I, DD residual, 50 — 5000} | i ¥ A \
- : ] :
3 . r . e - 2 ' : v < LA |
@ I o T : . H : - e SRt !
i) ' ' p'd < - ’ H
S ¥ .. ‘. .:; R ‘._.,... : e . :
2 P i | !
L3 \ \ : =30 it :
1 A X 3 ¢ P h
\ \ R :, " : L
® . - ! § 1 - - ] $ ‘'
% L 1 ¢ - 2. o : Il
- 1 H .. - . r . '
|\ + 3 > I' v
. ol o) - S ISP e £ s ..".
1 : : ! w. s ; '
M - ‘. s . . !
\ y § AP : : ’
A : . i« ; b
\ 3 i : s : 2 g
- ‘ \) N . . . . . f
& \\ . . . . . ’
: § : g o
. i : i : i/
- e i 3 : i e
; : : : s
— . . s . - . [ A
o e N C ; P, : g g
NVSSJ01173_2+892848 " < 3 iR : P
: : . 3 3 - s
: . . ’
\‘ . . . "’
: Ry : i
e e s asesabessastadnp s tssssensdsanansds \,\\. adde ok CAS AR RS S € ariniananias
# B ; i
\\~ . P s
A ; \“-—-_ ,—-'—"
‘e . : 3 T i s o e U o A,
. : :
N
, | | | | | | | p

Oh
RA [hour]

Zoom-in

Mertens et al. 2020

2:5
DEC (deg)

10.0

15

5.0

2:0

0.0

-2.5

-10.0



Gaussian Process Regression Signal Separation

Data

(minus sky-model)

Residuals

Foregrounds

Rest

(incl. 21-cm signal
and “excess variance”)
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Power-Spectra — Night-to-night Correlations

There are still correlations between nights. Closer correlation for nights starting at the same
sidereal time: suggests that part of the sky still leaks through
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Earlier Results & Strategy

2017: we focused on three redshifts analysing 8 hours of data;
2020: we went “deep” by analysing 140hr nights for a single redshift;
2023: we go “deeper’ by analysing 140hr nights for a three redshifts;
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Excess variance (largely incoherence) is the main issues

Based on this — the then deepest 21-cm limit at z=9.1 — we published
several papers with limits on the IGM temperature, and underlying sources.



Interpretations

Theory and Simulations
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Gehlot et al. 2020

Credit: Brackenhoff

The Data Analysis Improvements
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Where do we currently stand? (2023)

Considerable Improvements in reducing the Excess Variance

L2 - 14
z=§0.1 z=9.1 Z 8.3
freqs = 122.1 - 134.0 MHz 2 frejjs = 134.4 - 145.9 MHz freqs = 146.9 - 157.8 MHz
12
1.0+ = =
Preliminar
0.8 b
o - 8
0.6
6
0.4 1 L4
0.2 1 LD
T T T — T " — T - T T - T T T 0
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.10 0.15 0.20

k, [hcMpc™1] k, [hcMpc™1] k. [hcMpc™1]
Still the dominant source of noise, but considerably lower than in the 2020 & 2017

analyses: better RFI excision, DI/DD calibration, sky-models, residual FG removal.
Probably now dominated by sources in the far-field that vary due to beam.

Image credit: Mertens
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Where do we currently stand? (2023)

Based on these improvements, we are reprocessed 140 hrs of data
reaching 2x deeper levels with same data and expanded to 3 redshifts.

—+— | residual - noise = =+= Thermal noise = —}— noise <+ 2020 Result
z=10.1 1 z=9.1 —+ ] z=83
1 freqs = 122.1 - 134.0 MHz 1 freqs = 134.4 - 145.9 MHz | 1 freqs = 146.9 - 157.8 MHz
107+
10%+4 .
3 | £ 7
T : 7 ';
] / ] ] ]
Preliminary
102 ' N 1 ' ' ' ! ' M M 1 ' ' ' ! ! ' 1 ' N '
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 05 0.1 0.2 0.3 04 0.5
k[hcMpc~!] k[hcMpc—!] k[hcMpc~!]

Next steps: with the new 1+ petaflop CoDEX GPU cluster, we plan to
process ~500 hrs of data in the coming ~1 year.

Image credit: Mertens



A? [mK?] (Power-Spectra)

Where do we currently stand? (2023)
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LOFAR-AARTFAAC Cosmic Explorer

/PSF]
[JyZO 30 40 50 60

-20 -10 0 10

AARTFAAC

« Cross-correlation all dipoles/tiles of inner
6-12 stations (576 receivers)
Full sky/beam field of view (LBA/HBA)
Build originally for transients
Limited BW due to correlators capacity

* Pls: Gehlot & Koopmans



Bowman et al. 2018

Fialkov et al. 2018

T21 [MmK]

LOFAR-AARTFAAC Cosmic Explorer
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Aim: Exclude or detect power spectra
NA21~0.1-1K @ k~0.1 cMpc' @ z~18

* In hand: 500 hrs of LOFAR-LBA data

« Cross-correlating 576 dipoles; all-sky FoV

e 2~18 (72-75MHz; medium BW)

« Some signal strengths require 50x less
Integration time than standard models.
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LOFAR-AARTFAAC Cosmic Explorer

In 2020, the first limits at z~18 from ~2 hr of data

e Semi-driftscan (15 min each)
« Sky-model: Cas A, Cyg A

* Direction-independent calibration only
 Limited RFI flagging
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“Simple” Processing Scheme in 2020

Gehlot et al. (2020)
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ACE: Challenges of Wide-Field Low-Frequency Imaging

In 2023, significant progress has been made on the same 2 hours of data

Unchanged

v

7

Updated

\

~

J

New addition

(of 500 hr in hand) and processing has been improved drastically.

i )
Raw data to MS Flag+Average Init-cal d Statistics based flagger
Apply Phasing —» AOFlagger+DP3 —>» DP3 —» Using quality statistics:
(aartfaac2ms) 65 kHz, 4s Interval: 65kHz, 4s % RFI, Mean, Variance,
L 65kHz, 1s § . J . _ Dmean, Dvariance
- fi Bandpass calibration
T DP3 (CPU accelerated)
< = ~ i\ —» Single solution/channel:
Sky Model: 9 65kHz, 15min y
10,000 compact sources
(VLSS, 4C/6C/7C/8C) +
A-team (CasA, CygA, TauA, VirA)
' B Main: 10k src + TauA + VirA ( . )
FG removal+Pspec J DI calibration
GPR DP3 (CPU accelerated)
Power spectra: Inverse » High-res solution interval:
R variance weighted ) L 65kHz, 4s J
i Post-processing R rFlag outliers+lnterpolateN 1 DD calibration R
. _ . ( Imaging w _
Spatial tapering, flagging |< < AOFlagger+DP3 <— DP3 (3MHz smoothing)
outliers in (u,f) space, L WSClean J Interpolation: Gaussian 3 Directions:
L nights averaging y k. weighted average ) 3 CasA, CygA, Main )y




ACE: New Resultin 2023

In 2023, significant progress on the same 2 hours of data (of 500 hr in hand).

Improved sky-model: 10,000 components rather than just 2 (Cas/CyqQ)
Improved RFI excision: several levels (pre-post calibration)
Improved DI+DD cal. (DD-calibration instead of just DI calibration)

etc.

OLD ANALYSIS NEW ANALYSIS RATIO

Stokes | (old analysis) Stokes | (new analysis) Stokes | ratio: new/old

L 100

0 T T T T T
0.020 0.025 0.030 0.035 0.040 0.020 0.025 0.030 0.035 0.040 0.020 0.025 0.030 0.035 0.040
k. [h cMpc~1] k. [h cMpc~1] k. [h cMpc~1]

Gain by factor ~3 on same data

Gehlot et al. in prep
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LOFAR-AARTFAAC Cosmic Explorer

4+ OVRO-LWA (Garsden+2021)
©® MWA Phase-l (Ewall-Wice+2016)
#* MWA Phase-l (Yoshiura+2021)
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20 upper limits from various Cosmic Dawn experiments

Non-staniard

ACE

models

Theory: Faint galaxies (Mesinger+2016)
=== Theory: Bright galaxies (Mesinger+2016)

100

12.5

15.0

20.0
Redshift, z

22.5

25.0

27.5

0.1

0.05

0.03

k[h cMpc—1]



The Epoch of Reionization and beyond with the
AARTFAAC REionization Survey: ARES

Proposed observational program with LOFAR-HBA at tile-level (A ARTFAAC)
to (i) measure the 21-cm signal on ultra-large scales and over much larger
volume (increase survey speed by factor ~5) and (iii) create a full Norther Sky
Diffuse Sky (Polarised) model using HBA and LBA observations.

Tier 1: Spherical harmonics
/m-mode imaging with
AARTFAAC (dipole level)

Tier 2: Tile level imaging
with AARTFAAC/NenuFAR

:>

g

Gehlot et al. (Dec. 2021) Expression of Interest White Paper
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New Extension in Nancay Upgrading LOFAR: NenuFar

IR s.x-u vi‘Q\\\ J‘\\\ \,\;\&Q e e

First data taken on NCP field in December 2018.
Cosmic Dawn Key Science Program started in 2020 and continuing.



NenuFAR Cosmic Dawn Key Science Programme

All sky model, calibration and imaging is essential: Cas A & Cyg A are the “enemies’!
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NenuFAR Cosmic Dawn Key Science Programme

Applying ML Gaussian Process Regression models, directly connected

to 21-cm models (
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Dark Ages: Fundamental Physics

The standard model of physics plus the standard Cosmological model exactly predict
the 21-cm signal of neutral during the Dark Ages: “simple” linear theory.

Fundamental
physics

Dark Ages
(z~30-200)

Physics of gravity

- Gravitational waves
« Dark Matter & Dark Energy
« Particle physics (e.q.

WIMPs, axions, neutrinos)
Primordial black holes
Inflationary physics
Non-Gaussianity

Baryon-Dark-matter
interactions

During the Cosmic Dawn (g)astrophysics is added.

Cosmic Dawn
(z~10-30)

First stars (Pop IlI/1l)
Formation of first galaxies
Stellar remnants/HMXRBs
Seeds of SMBHs

Synthesis of metals and
enrichment of the IGM

« Molecular cooling

Foundational
astrophysics



Astrophysical Lunar Observatory (ALO)

ESA Explorer Mission Concept (Phase A study)

« Concept for a low-frequency radio telescope on
the lunar surface (pole/far-side)

« Science payload on several of first EL3 landers

« Both global 21-cm signal receivers (pole/far-side)
and array for 21-cm power-spectrum/tomography
observations (lunar far-side)

« Covering Cosmic Dawn and Dark Ages redshifts
(z>~15), needing >10* hours of integration.

p A

European Large Logistics Lander (concept)

@ eSa




Astrophysical Lunar Observatory (ALO)

Basic concept of NxN array (power-spectrum)

with 4 outriggers (global signal)

Example of
5.15m \

32x32 array
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Astrophysical Lunar Observatory (ALO)

A conformal grid-like array (allowing for a spatial FFT correlation), shielded
from (other) activities on the lunar surface, with up to four outrigger
global 21-cm receivers placed at a distance.




Astrophysical Lunar Observatory (ALO)

Power-spectrum sensitivity for 16 (4x4), 1024 (32x32), 16384 (128x128) receivers:
Compact (f=1) array, 5m dipoles, BW=10MHz, 10%h integration, half-sky
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[Note an array of 128x128 5x5m dipoles has “only” Aer=0.4km? at 30MHz;
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Summary & Conclusions

No detection yet, but we gained orders of magnitude in depth
sometimes using the same data: no-one said this was easy!
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